Multicolor detectors have a strong potential to replace conventional single-color detectors in application dealing with the simultaneous detection of more than one wavelength. This will lead to the reduction of heavy and complex optical components now required for spectral discrimination for multi-wavelengths applications. This multicolor technology is simpler, lighter, compact and cheaper with respect to the single-color ones.
I. INTRODUCTION
A strong interest exists in two-color and multicolor infrared detectors for many applications in military, NASA, and industry. One of the simplest multi-color combinations is the stacked arrangement in which the shorter wavelength detector is placed optically ahead of the longer wavelength detector. The first detector absorbs only the shorter wavelength radiation and transmits the longer wavelength radiation to the second, third detector and so on. Another method to detect multi-wavelength simultaneously is to use classical optical components such as lenses, prisms and gratings to separate out the wavelength before it hits the detectors. However, the most common trend today is to have two-dimensional mosaic arrays of IR detectors that are electronically multiplexed. These are referred to as infrared focal plane arrays (IRFPAs) useful in imaging applications. For this, use of classical optical components is complicated, and use of photovoltaic detectors in the same image area is preferable.
In early 70s, a two-color infrared detector has been demonstrated in HgCdTe through stacked arrangement technique 1 . Two-color HgCdTe FPAs have been used in defense applications to allow simultaneous detection with high quantum efficiency at two bands on the same FPA 2 . In addition, two-color FPAs based on quantum well infrared photodetectors (QWIPs) have been reported by JPL group [3] [4] . Four-color FPAs have been demonstrated in the 3-to-15 µm wavelength region in the QWIPS technology 5 . But, there is no report on multi-color FPA technology in the spectral range of near UV to long wave, a region that has important potential benefits to NASA Earth Science Enterprise. Therefore, NASA Langley Research Center (LaRC), in partnership with Rensselaer Polytechnic Institute (RPI) and Jet Propulsion Laboratory (JPL), proposed to develop a multi-color detector in the UV to far infrared wavength range by using wafer-bonding technology [6] [7] [8] within Breakthrough Atmospheric Remote Sensing under NASA enabling concepts and technology (ECT) development program.
Recently, RPI fabricated photovoltaic IR detector suitable at two different wavelengths using Sbbased material systems [9] [10] [11] [12] [13] , which is the part of the multi-color detector development effort. Due to the wide range of applications in the short wave-to-mid wave infrared (SWIR to MWIR) wavelength range, there is interest in Sb-based infrared photodetectors. GaSb substrate is an attractive choice since the lattice parameters of various GaSb based quaternary III-V compound semiconductors can be tailored to match that of GaSb. Their band gaps cover a wide spectral range from ~ 0.3 to 1.58 eV, or a wavelength range from near infrared (0.8 µm) to mid-infrared (4.3 µm). Numerous optoelectronic device papers have been published in the 1.7 -4.4 µm wavelength range using Sbbased material system [14] [15] [16] [17] [18] [19] [20] , and particularly photodetectors fabricated from quaternary alloy Ga x In 1-
x As y Sb 1-y can provide room temperature operation near the mid-infrared wavelength range 14, 21 . Growth of GaSb based quaternary III-V compound semiconductors using Metal-organic Chemical Vapor Deposition (MOCVD) have been reported in the literature [22] [23] [24] [25] . Complex device structures of InAsSb/GaInAsSb/AlGaAsSb/GaSb heterostructures for wafer-bonded thermophotovoltaic devices and. of multi-stage mid-infrared InAsSb emitters have been reported [26] [27] . Another type of device such as multi-color photodetector, which involves complex heterostructures, is proposed here. Though, GaSb-based multi-color detectors are more practical compared to HgCdTe technology due to the advancement in III-V technology. In addition, the simple stacked structure, where the short wavelength detector is placed optically ahead of the long wavelength one in GaSb is more practical, avoiding complex superlattice layers. This practical approach for developing two-color InGaAsSb/GaSb photodetectors on GaSb substrate has not been investigated much, probably due to the growth difficulty of InGaAsSb on GaSb substrate.
Sb-based materials growth, quasi-dual band detector fabrication and characterization are reported in this article. Dark current with applied bias voltages and spectral response measurements with selectively biased voltage as a function of incident wavelengths are demonstrated.
II. Sb-BASED MULTILAYER GROWTH AND DEVICE FABRICATION

A. Multilayer growth
The growth of multilayer thin films was carried out using an in-house built horizontal MOCVD equipment 28 . The carrier gas is ultra-pure hydrogen (H 2 ) at a flow rate of 4500 sccm, and the growth pressure is maintained at 100 Torr with growth temperature set to 600 0 C. Organometallic sources include trimethylindium (maintained at room temperature), trimethylgallium (at ~ -6 0 C), tertiarybutylarsine (at ~ -10 0 C), and trimethylantimony (at ~ 4 0 C), and the n-and p-dopant sources are diethyltelluride (DeTe, at room temperature) and silane diluted in ultra-pure H 2 (100 ppm), respectively. The growth rate is approximately 3.8-4.0 µm/hr.
Multilayer structures were grown from top to bottom as n-InGaAsSb/p-InGaAsSb/p-GaSb on pGaSb substrate (n-on-p InGaAsSb photodiode), and p + -InGaAsSb (or p + -GaSb)/p-InGaAsSb/nInGaAsSb/n-GaSb on n-GaSb substrate (p-on-n InGaAsSb photodiode), respectively. The GaSb layer immediately above the substrate is a very thin buffer layer grown on GaSb substrate. The p-onn photodiodes were grown on n-type GaSb substrates with two orientations, (100)2 0 →(110) and (100)+6 0 →(111)B. The as-grown multilayer films are characterized with optical microscope, atomic force microscope (AFM), X-ray, and scanning electron microprobe. With optimized growth parameters, high quality multilayer films could be repeatedly grown. The typical alloy concentration for InGaAsSb is In 0.13 Ga 0.87 As 0.11 Sb 0.89 as determined by X-ray diffraction measurement and transmission electron microprobe analyses. In Figures 1, optical microscope image is shown for the surface morphology of the multilayer thin films of p-on-n InGaAsSb photodiodes. The cross-hatch pattern of the surface morphology is partly alleviated for the p-on-n InGaAsSb photodiode, when the lattice of InGaAsSb is tailored to be close to that of GaSb substrate. 
B. Device fabrication
The selected samples were degreased with hot xylene followed by acetone and methanol rinse (XAM cleaning) at the beginning. Mesas were patterned by using the standard photolithographic technique, and the diode structures were generated with wet chemical etching by using a solution of HCl:H 2 O 2 :NaK tartrate (33ml:9ml:12g in 0.5 liter of solution) 29 . For quasi-dual band photodetectors, two mesa steps were etched to form both the upper and lower photodiodes. The first mesa was etched somewhat near the interface between the GaSb and InGaAsSb layers. Spinned photoresist then covered the first-time etched mesa step whereas the lower photodiode mesa structure was etched down to the substrate. Immediately before loading the samples into the e-beam evaporator for metallization, the samples were immersed in hydrochloric acid (HCl) to remove the native oxide layer. For the smallest quasi-dual band photodetector, the nominal diameter value is set to 225 µm in order to enhance the fabrication yield. Particularly for the quasi-dual band photodetectors, the front metallization was done with evaporation of Pd/Ge/Au/Ti/Au on both p-and n-type surfaces/interfaces. The schematic device structure for a quasi-dual band photodetector and the fabricated device image are shown in Figure 2 
III. RESULTS AND DISCUSSIONS
We will describe dark current and spectral measurement results together with discussion on quasi-dual band photodiodes.
C. Dual band photodetectors
Dual band photodetectors have been fabricated on selected multilayer n/p/p/n-on-n and p/n/n/pon-p thin films. Whereas good ohmic contact is hard to achieve on the top n-GaSb surface for the n/p/p/n-on-n structure, the fabricated p/n/n/p-on-p quasi-dual band photodetector demonstrates diode behavior for both the upper and lower photodiodes with various device sizes. The dark I-V curves for one quasi-dual band photodetector are shown in Figure 3 . The dark current measurements were performed at 23. Responsivity of the dual-band detector is obtained in the 1.0-to 1.7-µm and 1.0-to 2.1-µm by using a PbS calibrated detector. The output signal of the photodetector is acquired and then compared with the calibrated PbS detector. The spectral responsivity, R T (λ) (in A/W), of the photodetector is determined by using the following equation 
where V PbS is the PbS photodiode response (in V), V T is the dual-band photodetector output (in V), A r is the ratio of the PbS detector area to the dual band photodetector area, g (in V/A) is the preamplifier gain setting, and R PbS (in V/W) is the spectral responsivity of the PbS detector. Responsivity for selected quasi-dual band photodetectors is also measured and the results are shown in Figure 4 . The measurements are conducted at room temperature (23.5 o C) and at zero bias voltage. For both devices as a whole, the photoresponse is collected from the top and the bottom contact terminals. Both the upper and lower photodiodes can sense the photon illumination up to their cutoff wavelengths (~1.7 µm & ~1.9 µm respectively) limited by their corresponding material bandgaps. In Figure 4 , for the upper device, the responsivity beyond the 1.7 µm could be attributed to the depth uncertainty when etching the first mesa. The over-etched depth may include part of the n-InGaAsSb layer into the upper diode structure. The material composition for the lower photodiode needs to be tailored to achieve the responsivity beyond 2 µm.
Spectral response measurements of the upper and lower detectors at different bias voltages are shown in Figure 5 . During these measurements, the bottom contact was grounded and a positive voltage was applied at the top contact of the serially connected top and bottom devices, which leads to the forward bias of one of the p-n junction. A negative voltage at the top contact leads to the reverse bias to other bottom p-n junction. Selectable detection for quasi-dual band detectors by the polarity of the applied bias voltage was shown in Figure 5 . Applying biases across the p-n junction changes the responsivity of the detector. The reverse bias increases the depletion width, which enhances drift of the photogenerated charge carriers and the forward bias decreases the depletion region that results in responsivity changes. This behavior is attributed to simultaneous change in the depletion regions with the bias voltage as discussed for the two devices at the same time 10 . 
IV. SUMMARY
In this work, GaSb based multilayer structures have been grown by using MOVPE. Thin films with good surface morphology can be routinely obtained with optimal growth condition. More complex multilayer structures for quasi-dual band photodetectors (1.7 µm and ~2 µm bands) are also investigated, and these quasi-dual band structures include n-GaSb/p-Gasb/ p-InGaAsSb/nInGaAsSb/ n-GaSb (n/p/p/n-on-n) and p + -GaSb/p-GaSb/n-Gasb/n-InGaAsSb/p-InGaAsSb/ p-GaSb (p/n/n/p-on-p) grown on n-and p-GaSb substrates respectively. For p/n/n/p-on-p quasi-dual band photodetectors, both the upper and the lower devices function with typical diode behavior under bias. The responsivity measurements indicate that both the upper and the lower photodiodes can sense illumination up to wavelengths limited by their corresponding material bandgaps. In addition, spectral response measurements indicated either independent operation of both detectors simultaneously, or selective operation of one detector, by the polarity of the bias voltage, while serially accessing both devices. Results show the dual band features for future development of the multi-band detectors.
ACKNOWLEDGEMENT
This effort is part of the Breakthrough Atmospheric Sensing funded by NASA's Earth Science Technology Office and the Enabling Concepts and Technology Program within NASA's Aerospace Technology Enterprise.
